Strontium titanate is a promising candidate for applications in thermoelectric, thermal management applications, and modern electronic devices because of its desirable thermal stability, chemical stability, and semiconducting behaviour. However, the absence of its important systematic development, having grain size from several nanometric up to micronic size with evolving thermal diffusivity behaviour, triggers the need for filling up the vacuum. Two different heat treatments have been carried out onto the samples which were with presintering and without presintering. Nanometer-sized compacted powder samples were sintered from 500 to 1400°C using 100°C increments. The parallel characterizations of structural, microstructural and thermal diffusivity properties were systematically carried out. Interestingly, three significant valuedifferentiated groups: weak, moderate, and strong thermal diffusivity were observed, resulting from the influence of different phonon-scattering mechanisms through a systematic development of microstructural properties for both heat treatments.
Introduction
Strontium titanate (SrTiO 3 ) is a promising model material for electroceramic oxides, owing to its pronounced chemical and thermal stability as well as its wide versatility properties [1] [2] [3] . An extensive effort for understanding its multifunctional properties has been carried out since a few decades by the researchers working on transition metal oxides and has been greatly garnered interest both for experimentalists and theorists since 1950 [4] .
The shape, size, distribution, and orientation of the grains play a key role in many of the macroscopic properties including thermophysical properties particularly thermal diffusivity. Therefore, in the case of polycrystalline materials, microstructural properties play a significant influence on the thermal transport properties, since extrinsic phonon scattered at defects, grain boundaries, and other crystal imperfections, thus affecting the thermal transport properties. Hence, phonon propagations in a material would determine the effectiveness of thermal energy transport in dielectric materials. Grain boundaries and additional phases were thought to be undesirable, and the goal was to eliminate them and obtain a structure as close as to single crystals as possible [5] . Wang et al. [6] have shown the lowest thermal conductivity at 300 and 1000 K, obtained in a 55-nm-grained strontium titanate,
were about 50 and 24% smaller than those of a bulk single crystal. A large amount of grain boundaries with fine grains results in enhanced phonon scattering, thus yielding low thermal conductivity [7] . Larger grains show a significant increase in thermal conductivity, attributing to the reduction in the number of grain boundaries blocking the heat flow path [8] [9] [10] . Nanostructuring is assumed to decrease the phonon or photon mean free path, thus reducing the thermal conductivity. Indeed, phonon scattering in nanostructures is much stronger than in bulk material as obviously shown by its three orders of magnitude less thermal conductivity [11] . As a result of nanostructuring, the mean free path of phonons is determined by the grain boundaries, and it is independent of the phonon frequency and the temperature [12] . Extensive research has been merely carried out on sample at the final sintering temperature by neglecting the parallel evolution of microstructure and material properties at various intermediate sintering temperatures. Therefore, much possible essential development information has been neglected, thus reducing the capabilities of producing good fundamental scientific knowledge which lies behind the parallel evolution of the microstructure-material properties, particularly in thermal diffusivity. In this study, two different heat treatments have been carried out which were presintering and without presintering heat treatment. It is well known that presintering treatment is carried out to accomplish a variety of things which are [13] :
1. Decompose of the raw materials results (for example, carbonates) in the removal of the gaseous by-products. The evolution of these gases during the sintering cycle would cause internal pressure, stresses, and cracking. 2. To increase the homogeneity of the ceramic. 3. Close shrinkage control is maintained in the sintering operation. This is especially important in technical products which may have a rather complicated sintered shape and require close tolerances and dimensional control This treatment has been widely involved in the processing of ceramic materials particularly in micronic grains region. However, the effectiveness of this well-applied presintering treatment to nanostructured polycrystalline materials is of great interest. Therefore, these two different approaches have been carried out to systematically reveal and compare which heat treatment approach possesses better evolution trends and properties, thus affecting the resulting thermal diffusivity.
Materials and methods
The starting raw powder materials, strontium carbonate, titanium (iv) oxide with the purity of 99.9% were mixed according to the following equation:
Two different heat treatment approaches have been carried out onto the samples which were presintering and without presintering process to obtain presintered strontium titanate (PS-STO) and without presintered strontium titanate (WPS-STO) The raw powder materials for WPS-STO were mixed and preceded to milling process using a highenergy ball-milling machine to produce nanometer-sized powder. However, PS-STO samples were presintered first at 900°C before preceded to the similar milling process. The duration of milling process was 12 h using an SPEX8000D mechanical alloying machine employing a ball mill equipped with tungsten carbide vials (55 mL) and balls with ball-to-powder mass ratio (BPR) being 10:1. Then, monodispersion technique was performed onto the milled powder by completely blending the resulting powder with polyvinyl alcohol as a binder and was sieved with 150 microns sieve. Next, the sieved powder and the surface of the mould were lubricated with 0.3 mass% zinc stearate. The granulated powder was pressed at 3 tons to obtain a 0.5 g pellet sample. The pellet samples were then sintered in an ambient air condition with a constant heating rate of 4°C min -1 at different sintering temperatures from 500 to 1400°C with 100°C increments for 10 h.
The resulting solid-state phase was confirmed by X-ray diffraction (XRD) using a Philips X'PERT diffractometer. The characterization was carried out onto the sintered pellets, as well as raw powder after high-energy ball-milling process from 20°to 80°2h position with the step size of 0.03°and nickel slit was used as a filter. Scanning electron micrographs of the sintered pellets were obtained using an FESEM Nova NanoSEM 50 series. The grain-size distributions were determined by the line intercept method, involving more than 200 grains per sample and the analysis was carried out by Image J software. About 5-10 FESEM images were analyzed to compound the 200 measurements. The sample density was determined using the Archimedes' principle. The parallel evolving thermal diffusivity was measured using a Laser Flash Apparatus (LFA) Neszch LFA457. The data were compared in terms of their parallel evolving morphology and the thermal diffusivity.
Results and discussion

Microstructural-related properties
Figures 1 and 2 display multi-plot of XRD spectra of WPS-STO and PS-STO samples, respectively, before sintering and after sintering at 500-1400°C, each for 10 h in ambient air condition. From the analysis of XRD spectra, only raw starting materials were observed (strontium carbonate and titanium dioxide) and no appearance of strontium titanate phase even after subjected to 12 h of highenergy ball milling. The broadening peaks observed in asmilled samples for both PS-STO and WPS-STO were subjected to the formation of amorphous phase, resulting from the alteration of long-range lattice periodicity due to a large number of dislocations and their related strain fields [14] . Strontium titanate phase started to appear at 500°C sintering temperature together with secondary phases in WPS-STO sample. At 500, 600, 700, and 800°C and sintering temperatures, there existed a mixture phases: a small amount of strontium titanate and secondary phases which were strontium carbonate and titanium dioxide (anatase and rutile phase). However, strontium titanate phase was detected with other secondary phases in PS-STO sample after 12 h of high-energy ball milled. Similar secondary phases as observed in WPS-STO samples (titanium dioxide and strontium carbonate) were also detected in PS-STO samples for samples sintered from 500 to 800°C. In polycrystalline ceramics, when impurities exist as a secondary phase, they reduce the thermal conductivity [15] . That effect is due to phonon scattering by the impurities, thus reducing the mean free path of phonon, which is given in the following equation:
where l is the mean free path of phonon in the system, l th is the mean free path determined by thermal scattering, and l im is the mean free path determined by scattering by impurities. It is known that the secondary phases presence: titanium dioxide and strontium carbonate exhibited lower Systematic microstructural development with thermal diffusivity behaviour from… 107 thermal conductivity [16, 17] than the thermal conductivity of the main phase strontium titanate around 12 W m -1 K -1 [18] . However, if the secondary phase has a larger thermal conductivity and a relatively large grain size, the thermal conductivity could be increased. The full formation of strontium titanate was observed at 900°C sintering temperature and above for both heat treatment processes. The observed full phase formation occurred earlier than that of the previous study [14] in which the formation of strontium titanate appeared with other secondary phases. As the sintering temperature increased, the secondary phases decreased and disappeared. Increasing sintering temperatures further from 900 to 1400°C yielded a more pronounced crystallinity reflected in the increase of the major peaks of strontium titanate which demonstrated the improvement in the degree of crystallinity of the sintered samples for both WPS-STO and PS-STO [19] . As the sintering temperature increased, larger grain size was formed, thus inducing the formation of more crystalline structure. This crystalline structure would reduce the phonon impurities, phonon defects, and phonon-boundary scattering, since secondary phases disappeared from 900 to 1400°C and the amount of grain boundaries decreased with increasing crystalline phase [20] .
The percentage of linear shrinkage as a function of sintering temperatures for both WPS-STO and PS-STO samples is shown in Fig. 3 . Linear shrinkage was measured to reveal the contribution of presintering treatment onto the samples. Linear shrinkage in this study occurred at two distinct temperature ranges: the first range from 500 to 900°C was strongly induced by carbonate decomposition [21] and the second range from 900 to 1400°C was due to materials densification through sintering of strontium oxide produced from decomposition reaction, proving by the disappearance of carbonate phase during this sintering temperatures region [21] . According to the sintering theory, grain growth and pore elimination are the two most important mechanisms to describe sintering shrinkage. It was found that PS-STO samples shrunk slightly more than WPS-STO samples up to 900°C sintering temperature. This phenomenon is due to coupling effects of continuing process of incomplete decomposition of strontium carbonate during presintering process and densification process. Whereas the shrinkage in WPS-STO samples was due to the first occurrence of carbonate decomposition. However, beyond 900°C sintering temperature, WPS-STO samples overtook the shrinkage values of PS-STO samples. The role of presintering is dominant at second range of temperature which partial shrinkage has been introduced during presintering treatment, thus reducing the shrinkage values as compared to samples without presintering treatment. The shrinkage values varied from * 1 to * 23% for WPS-STO samples and * 2 to 19% for PS-STO samples.
The evolutions of nanometric to micronic grains sizes by varying the sintering temperatures for both WPS-STO and PS-STO samples are displayed in Figs. 4 and 5, respectively. Samples for both heat treatments exhibited complex grain growth during the initial stage (below 800°C sintering temperature) of sintering with some fluctuations of grain size can be seen in the micrographs and their grainsize distributions. The grains of WPS-STO samples were first reduced from 56.5 nm to 38.3 nm in samples sintered from 500 to 700°C sintering temperatures before continuously grew to 2.6 lm in samples sintered at 1400°C. While in PS-STO samples, the grains also reduced in size from 49.2 nm to 38.0 nm in samples sintered from 500 to 700°C sintering temperatures. Further increase in sintering temperatures from 800 to 1400°C, the grains size remained increased from 43.9 nm to 9.1 lm. The complex fluctuations of grain size with sintering temperatures in the initial stage of sintering for both treatments were subjected to the rearrangement of particles and also due to carbonate decomposition, as shown in Figs. 1 and 2. Carbonate in the samples has been shown to inhibit the sintering, thus reducing the grain size [22] . Intermediate sintering stage from 800 to 1100°C showed that the particles moved closer to form contacts between particles. During final sintering stage from 1200 to 1400°C, many pores were isolated and eliminated by diffusion of vacancies from the pores along grain boundaries. Stable polyhedral grains could be observed during this stage. In general, grains of WPS-STO samples exhibited larger grains below 900°C sintering temperatures as compared to PS-STO samples. However, with further increase in the sintering temperatures from 1000 to 1400°C, the grains size of PS-STO samples shows larger grains than WPS-STO samples. This behaviour of grain growth will be further discussed by activation energy of grain growth. Each stages of sintering would results in variation contributions to thermal diffusivity, since it produced different types of microstructural parameters. Grain-size dependence on thermal diffusivity for both WPS-STO and PS-STO samples is plotted and is shown in Fig. 6 . The thermal diffusivity for WPS-STO and PS-STO samples was generally increased with increasing grain size due to the decreasing contribution of grain boundaries to phonon scattering when the grain size increased from nanometric-to micronic-sized grains [20] . Whereas smaller grains would enhance boundary thermal resistance promoted by phonon scattering at grain boundaries, thus reducing the thermal diffusivity [9, 10] .
It was found that thermal diffusivity for samples having grain size below 0.10 lm for WPS-STO wad constantly increased with increasing grain size. In this grain-size range within 0.04-0.10 lm, the thermal diffusivity attained a minimum value of 0.439 mm 2 s -1 and a maximum value of 1.285 mm 2 s -1 at room temperature measurement. The influence of grain size on thermal diffusivity was dominant within this grain-size range, showing grain size as the leading factors in enhancing or reducing phonon propagation in the samples. Though the effect was dominant, the amorphous grain boundaries phase and substantial amount of porosity were still presence; therefore, the values of thermal diffusivity are not as greater as those having larger grain size. Although boundary scattering is known to exist predominantly at low temperatures, it has been observed in many polycrystalline materials that boundary scattering effects were prominent even at room temperature and above [23] including WPS-STO samples with particularly nanometer grain size. From the previous study, the phonon mean free path for strontium titanate bulk crystal is around * 18 nm at room temperature and could reach * 8 nm at 1000 K [31] and it was shown by the grain-size distributions (Fig. 8a, b) that the grains are also constituted by the grains from below 30 nm, suggesting that the phonon-boundary scattering may have an appreciable effect in lowering the thermal diffusivity values. With increasing grain size from 0.1 to about 2.6 lm in WPS-STO samples, the thermal diffusivity gradually increased before remained almost constant for samples having grain size of 0.39 lm and 2.6 lm even though the grain size increased to about six-sevenfolds from the previous grain size. This implied that with increased grain size above 0.39 lm, there is no significant increase of thermal diffusivity in WPS-STO samples. The reason of this insignificant development was due to the increment of porosity in the sample having grain size of 2.6 lm.
Conversely, different trends were observed in PS-STO samples. The thermal diffusivity remained hiked up with increased in grain size to 9 lm without having any almost saturated thermal diffusivity values which supposedly because of the increasing value of density in the samples and the large range grain size were observed for samples having grain size from 0.38 to 0.49 lm due to inconsistent amount of the porosity presence in the PS-STO samples within this range of grain size. Therefore, even with the increment of grain size within this size range, the thermal diffusivity did not showed a linear increment due to other leading factors than grain size.
To give a better picture of how grains distributed in a sample, grain-size distributions are plotted in Figs. 7-10 . The whole microstructure of a sample can be well explained by its grain-size distribution, since it represents the entire sample. The grain-size distributions shifted to smaller grain size from 500 to 700°C for both treatments (Fig. 7) . The shifting of the grains to smaller grains was more noticeable in WPS-STO samples, showing the occurrence of significant carbonate decomposition and particle rearrangements during this period of sintering temperatures. As the sintering temperatures increased from 800 to 1400°C, distribution of the grain shifted to larger grains size as grain growth is occurring for both the treatments. The grains shifted systematically to larger grains in WPS-STO samples, where the range became wider from 800 to 1000°C. Unlike WPS-STO samples, PS-STO samples started to expand its grain-size range after sintering at 1000°C. As can be seen from the plots (Fig. 8) , the grain-size distributions exhibited broader range in WPS-STO samples than in PS-STO samples for samples sintered at 800 to 1000°C. Whereas, PS-STO samples sintered at 1100 to 1400°C displayed broader grains size distributions than in WPS-STO samples (Figs. 9, 10 ). These broad grains size distributions were assumed to scatter phonons with a variety of wavelengths [24] , therefore, reducing the thermal diffusivity. By embedding various sizes of nanostructures, it might also be possible to reduce the thermal conductivity down to a value close to the electronic thermal conductivity of about 0.5 W m -1 K -1 at room temperature by effectively to depleting the phonon thermal conductivity [25] . However, a mixture of broad grain sizes in the micronic range yielded no significant reduction in thermal diffusivity [24] . Figure 11 shows log grain size as a function of reciprocal temperature (Arrhenius plot) for WPS-STO and PS-STO samples, respectively, to explain more on the microstructure evolution. The process of densification during sintering of oxides involves reduction of surface free energy. The magnitude of energy which must be supplied to overcome the energy barrier is called the activation energy. The activation energy can be represented by an Arrhenius expression:
where k o is a preexponential factor, Q is the activation energy (energy per mole), T is the temperature in the absolute scale, and R is the universal gas constant. According to Jarcho et al. [26] , the value of k can be related to grain size, D, directly. Thus, the modification and of Eq. (3) yields the grain size as
where A is the intercept from the plot of log D versus the reciprocal of absolute temperature (1/T). From Eq. (4), a best fitted straight line can be plotted, and therefore, the slope of the Arrhenius plot can be used to determine the activation energy of any grain growth process. This Arrhenius plot describes the interplay between densification and grain size, accordingly, with increasing sintering temperature. Based on both plots (Fig. 11) , there were three different ranges of activation energies of grain growth. These three ranges of activation energies are tabulated in Table 1 . In order for the grain growth to occur, there are a number of possible mechanism involved for the atom to move from one position to another in a crystalline structure. Such variations in the activation energy may be associated with different diffusion mechanisms each occurring for an appropriate ''Range'' of grain sizes and The increase of activation energy from Range 1 to Range 3 with increasing grain size was attributed to the transition from surface diffusion to grain boundary diffusion to volume diffusion as grain boundary represents only a small part of crystal volume. When the activation energy became higher, it was more difficult for diffusion to occur. All ranges displayed positive activation energy of grain growth except for Range 1 in both treatments. Negative activation energy of grain growth is possible if the temperature dependence of grain-size reduction is less than that of grain growth [27] . The lowest activation energy is indicative of surface diffusion mechanism, since the activation energy for surface diffusion mechanism is expected to be smaller than the grain boundary diffusion. Meanwhile, the diffusion along grain boundaries was characterized by lower values of the activation energy than those associated with the volume diffusion [28, 29] . Since the samples having nanometric grains in the particular range of sintering temperatures (below 1000°C), the samples were characterized by a large volume of grain boundary fraction; therefore, the grain growth through the boundaries diffusion is much expected than that via conventional lattice diffusion [30] . Based on the results, as characterized by the three different ranges of activation energies, the sintering of strontium titanate has involved three main stages in the process which are: (1) the rearrangement of the high surface area nanoparticles; (2) a process controlled by surface diffusion without change of specific volume of pores and shrinkage of strontium titanate grains; and (3) a process controlled by the grain boundary and volume diffusion with considerable shrinkage of aggregates. By comparison, as shown in Table 1 , activation energies for WPS-STO samples showed higher values than PS-STO samples. The starting surface reactivity of the samples was taken into consideration: it was higher for WPS-STO samples, because these samples have not been heat treated during presintering process unlike PS-STO samples. Furthermore, smaller grains in WPS-STO samples would have high driving force for coarsening due to high surface area. Therefore, the required energy for diffusion would not be as high as those in large grain size in PS-STO samples. Consequently, higher activation energy was required for the diffusion mechanism in PS-STO samples than in WPS-STO samples. Density and porosity are tabulated in Table 2 for WPS-STO and PS-STO samples, respectively. The density of WPS-STO samples slightly decreased from 500 to 600°C sintering temperatures, but continuously increased to 1300°C sintering temperature. However, the density value decreased again at 1400°C. Conversely to WPS-STO samples, PS-STO samples showing an increase of density from 500 to 800°C before decreased at 900°C. After that, the density values kept increasing until 1400°C sintering temperature. The fluctuation at low sintering temperatures was caused by the carbonate decomposition and particles rearrangement in the samples at initial stage of sintering. Strontium carbonate releases carbon dioxide on heating, called a thermal decomposition reaction, and this reaction could started to happen at around 800°C and above [3, 14] . Density evolution is strongly influenced by the preheat treatment history, since thermal decomposition of the carbonate plays a vital role in the densification process. The fluctuations at early sintering temperatures occurred differently between both treatments. In general, density values of WPS-STO samples for samples sintered from 500 to 800°C were lower than density values of PS-STO samples. A variation in the densification behaviour was attributed to the diffusion mechanism by a change in the driving force by curvature, free surface area, or interfacial energies. The higher free surface area in PS-STO samples than that of WPS-STO samples for samples sintered below 900°C contributed to the interaction of grain growth and densification for the studied materials. Besides, the phenomenon occurred during low sintering temperatures for WPS-STO samples was due to the lower sinterability owing to the presence of carbonate species [22] . In PS-STO samples, carbonate was partially decomposed during presintering treatment, while carbonate decomposition has not been introduced in WPS-STO samples. Therefore, density fell at 900°C, later than in WPS-STO sample at 600°C. This was due to unaided occurrence in WPS-STO samples which has made the carbonate decomposition and particles' rearrangement occurred at earlier stage of sintering, thus affecting the density values. This is, therefore, after certain degrees of sintering, the density of WPS-STO surpassed the density values of PS-STO which in agreement with the linear shrinkage results. The initially unaided removal of residual carbonates in WPS-STO samples has been improved by further sintering to enhance the densification rates, therefore, displaying a much higher density values beyond 900°C sintering temperature. However, decrease of density at 900°C in PS-STO sample might be due to residual carbonate decomposition. Furthermore, the overall densification rates for PS-STO were reduced, since further densification can only occur at small pores with lower coordination numbers. As the sintering temperatures went higher to 1300°C in WPS-STO samples, many pores would be removed and closely packed grains would be formed, thus producing dense samples. The decrease of density and increase of porosity at 1400°C sintering temperature in WPS-STO sample were speculated to be due to oxygen vacancies created at higher sintering temperature. Due to high sintering temperature of the sample and depending on the thermodynamic conditions, oxygen may leave the lattice, leaving behind the oxygen vacancies [31] . However, density of PS-STO samples showed more stable result with no reduction value at 1400°C. The previous study has shown that defect state densities are also dependent on the presintering temperature [32] . In their study, they reveal that with increase in the presintering temperature, more and more vacancies are neutralized. The porosity (P) of the samples was calculated using Eq. (5), where q exp is the experimental density determined from the Archimedes' principle and q xrd is the X-ray density:
Porosity showed an inversely trend of density from 500 to 1400°C sintering temperature for both treatments. Porosity of WPS-STO samples showed its maximum value of * 36% for sample sintered at 600°C and a minimum value of * 9% for sample sintered at 1200°C. Whereas porosity of PS-STO samples showed its maximum value of * 35% for sample sintered at 500°C and a minimum value of * 15% for sample sintered at 1300°C. The trend of both treatments exhibited slight dissimilarity of fluctuation trend. This dissimilarity contributed to the efficiency of conducting heat. Pores, filled with gas of a lower thermal conductivity than the solid phase, impede the flowing of heat, thus making the material more insulating. The thermal diffusivity decreased with increasing porosity, as the phonon scattering would be substantial [33] . As the samples became denser at high sintering temperatures, the thermal diffusivity displayed a much higher values. Comparing different treatments, it was found that high-density samples with low porosity were dominant factors in giving less effect of phonon scattering than the size of the grains, thus contributing to high heat conduction as well as thermal diffusivity. This has been shown in most of the samples. However, if the density of the samples was almost similar between both the treatments, size of the grains would be the leading factor that has to be taken into account which was found in samples sintered at 500 and 1000°C. Hence, the coupled contributions between high-density/lowporosity samples with large grains size would significantly influence the scattering properties.
Temperature-dependent thermal properties
Thermal diffusivity plots as a function of temperatures from room temperature to 500°C for WPS-STO and PS-STO samples are shown in Figs. 12 and 13 , respectively. In general, thermal diffusivity values decreased with increasing temperatures for all samples, as the mean free path was directly related to the temperature, and when the temperature increased, the number of phonon collisions were also increased, their mobility was lower and their ability to transport heat away from the source was less, therefore, decreasing the thermal diffusivity and, therefore, Systematic microstructural development with thermal diffusivity behaviour from… 115 the conductivity value of this materials. It is known that at room temperature, phonon scattering at grain boundaries was negligible, and phonon scattering by defects and imperfections was dominating [34] . However, nanostructuration by reducing the grain size to nanometric grains scale and introduction of moderate amount of nanopores can lead to unprecedented decrease of the thermal diffusivity. This indicated that efficient phonon scattering at grain boundaries can occur for grains with a size much larger than the average mean free path. When the temperatures were increased, the phonon population became high, thus decreasing the mean free path. At high temperature, the phonon mean free path was temperature dependent and limited by intrinsic phonon-phonon scattering. When the thermal diffusivity evolved from nanometric to micronic region of grains (Figs. 12, 13 ), three distinct value-differentiated groups could be observed in both the treatments. The first group from 500 to 900°C sintering temperatures was characterized by its weakly value of thermal diffusivity with insignificant difference between each sintering temperatures. Majority of the samples with these sintering temperatures range have low degree of [35] . Samples sintered at 1300 and 1400°C for both treatments belong to this group which possessed the highest degree of crystallinity, largest grains and highest density among those in first and second groups. Therefore, least phonon scatterings were expected from this group, thus reflecting in significant values of thermal diffusivity. As the samples evolving from nanometric to micronic grains, their crystal lattice were also affected to form single-phase strontium titanate, thus affecting the phonon propagation, therefore, reflecting in enhanced values of thermal diffusivity. The three valuedifferentiated groups are preliminary guidance of tailoring the microstructure into having particular thermal properties. Some of the applications, for example thermoelectric applications required low thermal conductivity. Since the phonon mean free path is larger than for the electrons, the manipulation of material microstructure is easier for tuning the thermal properties without much affecting the electrical properties [36] . This is subjected to future works by measuring the thermal conductivity as well as the electrical conductivity.
For preliminary results, the room temperature thermal conductivity has been calculated using the following equation:
where a is the thermal diffusivity, k is the thermal conductivity, q is density, and c is the specific heat. The specific heat is obtained from previous literature [37] , as it is known that the specific heat is insensitive to microstructure [38] . The results are shown in Figs. 14 and 15 for WPS-STO and PS-STO samples, respectively. The thermal conductivity showed similar trends of decreasing values with increasing temperature, subjecting to the scattering phenomenon as discussed in thermal diffusivity results. However, the thermal conductivity of WPS-STO sample sintered at 1400°C was found to be slightly lower than sample sintered at 1300°C. As has been mentioned before, the density of the sample was reduced due to the formation of oxygen vacancies, thus suppressing the thermal conductivity [25] . The previous study suggested that the large reduction in thermal conductivity from oxygen vacancies could be very beneficial in enhancing figure of merit, ZT, of strontium titanates as the absence of oxygen in the crystal lattice provides free electrons and alters electron density of states which possibly increasing the electrical conductivity and a large thermopower [25] . Strontium titanate is a potential thermoelectric material, however, owing to its mainly high thermal conductivity, around 10-12 W m -1 K -1 [6, 18] , it is still insufficient for practical applications. In our study, the thermal conductivity has been successfully reduced (see Figs. 14, 15) through nanostructuring approaches due to enhanced phonon scattering at the boundaries particularly for grain sizes comparable to the phonon mean free path. By comparing the value of thermal conductivity at 100°C, the thermal conductivity of samples sintered at 1400°C has been reduced to about 45% for WPS-STO and about 25% for PS-STO.
Conclusions
The comparative study of parallel evolving microstructural and thermal diffusivity between WPS-STO and PS-STO samples has been carried out. The study has shown a strong dependency of thermal diffusivity for both treatments through the influence of different phonon-scattering mechanisms. In this study, these phonon-scattering mechanisms were intrinsically and extrinsically influenced by several factors. Intrinsic contribution from the crystal structure appeared when the heat transfer was limited crystal lattice imperfection as the samples evolved from nanometric to micronic grains to form single-phase strontium titanate. This, therefore, thus affecting the phonon propagation, thus reducing the heat-transfer properties. Extrinsic contributions by the microstructure, particularly from the impurities grain boundaries, grain size, density and the porosity affected the phonon-impurities', phonondefects', and phonon-boundaries' scattering. Significant values of thermal diffusivity were observed as the secondary phases, volume of grain boundaries (volume of amorphous content), and porosity were considerably reduced by increasing the grain size. 
